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ABSTRACT 
Velocities at points of impact of canti-
lever type valve reeds were calculated 
using the Finite Element Method. It was 
predicted that the impact velocity at the 
tip of a reed on the seat could exceed the 
velocity of approach to the valve seat. As 
a consequence of this whip-lash effect 
impact stresses must be greater than those 
predicted if colinear impact is assumed. 
The analytical procedure permitted the 
shape of a backing plate to be determined 
which would reduce local impact velocities 
and consequently reduce reed failures due 
to impact fatigue. 
INTRODUCTION 
Valve reeds in reciprocating compressors 
are subject to fatigue failure by bending 
and by impact. Several models have been 
developed to predict dynamic displacements 
and the consequent bending stresses(l,2,3). 
Impact fatigue failures result from the 
repeated striking of a reed against the 
valve seat or valve stop. Such failures 
are usually characterised by "chipping" at 
the edges of the reed. Theoretical and 
experimental studies of impact fatigue 
have been conducted.(4,5,6,7,8,9,10). 
Colinear impact was assumed in most of the 
theoretical models. The predicted stress-
es were too low to explain impact fatigue 
failures which had occurred (4,7,8). It 
was suggested that oblique rather than co-
linear impacts may occur which give rise 
to a whip-lash effect resulting in local 
impact velocities higher than the veloci-
ties of approach. Nilsson et al (11), 
using the Finite Element Method (F.E.Mo), 
predicted the presence of this whip-lash 
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phenomenon. The present study was under-
taken to further investigate this effect 
and its implications. 
FINITE ELEMENT MODEL 
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FIG.1 FINITE ELEM~NT MODEL. 01= A. VALVE REEV 
(DEGREES OF FREEDOM 67' NUMBER OF ElEMENTS ~S) 
The finite element grid used for the reed 
(Figure 1) was relatively crude in order 
to economise on computer resources. A 
small internal damping ratio for the reed 
of 0.002 was assumed (1,2). The area of 
impact between the reed and the seat 
(without a port) was assumed to be that 
indicated in Figure 1. Nilsson et al (11) 
adopted three dimensional, isoparametric, 
8-noded elements and the central differ-
ence method of integration. In the 
present study, 3-noded, flexural triangul-
ar elements and the Wilson-S method of 
integration were used (1). The non-
linear boundary conditions imposed on the 
reed as a consequence of impact on the 
valve seat (or stop) were treated as 
described in reference (12). The time 
increment employed in the integration 
procedure was 0.05 ps. This was judged 
to be sufficiently small since Nilsson 
et al (11) had estimated that the whip-lash 
effect lasted about 10 ¥s• Longer time 
increments, 0.5 to 5 ps and relatively 
crude meshes can be employed if only the 
bending stresses of the reed are being 
computed (1). It is too expensive of 
computer resources to use time increments 
of the order of 0.05 ps to monitor the 
movement of the reed through the whole 
distance from stop to seat (or vice versa 
when the valve is opening). However, 
longer time steps (say 1 ps) could be 
employed up to the instant when the first 
node of the reed contacts the seat (or 
stop) and then a switch made to smaller 
time steps: even then large computer 
resources are required. 
The points labelled 1, 7, 19 in Figure 1 
were the nodes where displacements and 
velocities were monitored, since it was 
expected that the whip-lash effect would 
be most pronounced near the free end of 
the reed. 
Two initial configurations of the reed were 
considered. In the-first configuration 
(A) the fundamental and the second mode of 
vibration were participating equally and 
an initial angle of inclination of 1.5° 
was assumed to exist at the tip of the 
reed. In the second, the reed configura-
tion (B) was that due to the first mode of 
vibration only and the initial angle of 
inclination at the tip was taken as 1°. 
In order to facilitate comparison with 
some of the results obtained by Nilsson 
et al (11) the approach velocity at the 
tip of the reed was assumed to be 8 m/s 
and the tip displacement to be 0.32 mm at 
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Ftq. 2. DISPLACEMENT AND VELOCITY OF NODE 19 
OF VALVE REED~ INITIAL CONFIGURATION A 
THE WHIP-LASH EFFECT 
Figure 2 shows displacements and corres-
ponding velocities at node 19 of the reed 
as a function of time: the initial con-
figuration was (A), described above. 
Figure 2 shows that the reed contacted 
the seat at node 19 after 22 ps, while 
Figure 3 shows that node 7 was still 
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For both the.se nodes, the approach and 
impact velocities did not significantly 
exceed the initial velocity at the reed 
tip of 8 m/s. Any whip-lash effect 
before contact, was small and perhaps due 
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Displacement and velocity of the reed tip, 
node 1, are shown in Figure 4. The whip-
lash effect at node 1, generated as a 
consequence of earlier contact by other 
nodes on the seat, is significant. The 
effect of varying the value for the co-
efficient of restitution (12) upon this 
whip-lash effect was not significant. 
When the reed contacted the seat at a node 
such as 19 there is a stiffening of the 
reed which will accelerate the free end 
towards the valve seat. As a consequence 
of this stiffening the velocity of the 
reed tip during approach reached the value 
of 15 m/s, 25 ps after the start of the 
calculations while the reed tip was still 
approaching the seat. Contact of the reed 
tip, node 1, occurred after 32 ps at an 
impact velocity of 10.4 m/s, i.e. 30% 
higher than the original approach velocity 
for the tip of 8 m/s. The reed tip 
decelerated from 15 m/s to 10.4 m/s just 
before the impact on the seat because the 
stiffness of the free end of the reed 
resists the curvature generated by the 
whip-lash effect • 
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FIGURE 5 
INIT!AJ" R~ED CONFIGURATION, N!L,SSON ET AL (II), 
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Results were compared with those obtained 
by Nilsson et al (11). The initial reed 
shape assumed by Nilsson is illustrated in 
Figure 5: Figures 6 and 7 record displace-
ments and velocities at two nodes on that 
reed. The reed first touched the seat at 
the tip (after 30 ps) and then at node 9, 
(after 43 ¥s). The velocity during 
approach reached the value of 18 m/s 
(after 20 ps): hence there was a large 
whip-lash effect before any node contacted 
the seat. The final impact velocity at 
reed tip was 13 m/s, significantly greater 
than the original approach velocity for 
the tip of 8 m/s. Away from the tip, 
Figure 6, the whip-lash effect was not 
pronounced and the approach velocity did 
not much exceed the original approach 
velocity. Nilsson et al (11) attributed 
the significant whip-lash effect at the 
tip to "vibrations of the valve which are 

























Flq.. 8 DISPLACEMENT AND VEL.DCITY OF NODE 1-
0F VALVE REED, INITIAL CONFIGURATION B. 
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Fl Q. 9 DISPLACEMENT AND VELOCITY OF NODE 19 
OF VALVE REED, INITIAL CONFIQURATlON B 
When the second configuration (B) was 
assumed in the present study, i.e. the 
reed shape was determined solely by its 
fundamental mode of vibration, the whip-
lash effect at the tip of the reed was 
small (Figure 8). The reed first touched 
the stop at node 19, Figure 9 (after 36 ps) 
with an impact velocity of 6 m/s. Then, 
the reed tip, node 1 contacted the valve 
seat (after 38 ps) with an impact velocity 
of 9 m/s. 
It was concluded that the larger the number 
of mode shapes accounted for, the larger 
would be the predicted whip-lash effect. 
Consequently the time for valve closure 
would be shorter and the likelihood of 
impact fatigue would be greater. These 
conclusions are in agreement with the 
experimental observations by Svenson (8), 
where increase in the angle of approach at 
the reed tip, due to the presence of higher 
modes in the valve motion, resulted in 
earlier fatigue failures. 
DESIGN OF REED BACKING PLATE 
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FIQ.10. EFFECT OF SHAPE OF BACKING PLATE UPON 
THE IMPACT VELOCITIES OF A CANTILEVER 
DISCHARGE VALVE REED. 
Figure 10 records impact velocities of the 
cantilever reed, shown in Figure 1, when 
employed as a discharge valve with a 
backing plate. In order to economise on 
computer resources a relatively crude 
finite element grid having only 12 nodes 
and 27 d.o.f. (degrees of freedom) was 
employed. The results for two configura-
tions of backing plate (a, b) are 
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illustrated. In case (a) the shape of 
the backing plate was such that the reed 
first struck the stop at a point over the 
centre of the port. At that instant, the 
distance from the valve seat at other 
locations along the backing plate was made 
slightly larger than the displacement of 
the corresponding nodes on the reed, so 
defining a shape for the backing plate. 
In case (b) the distance of the backing 
plate from the valve seat over the centre 
of the port was kept the same as in case 
(a), but this distance at point B,FigurelO, 
was reduced so that the reed wrapped 
about the valve stop. Having wrapped 
along the backing plate from B to A, the 
distance from the valve seat of the tip of 
the backing plate was made slightly larger 
than the reed tip displacement. In case 
(b), the gradual stiffening of the reed as 
it wrapped about the backing plate, 
reduced the local impact velocities along 
the reed compared to case (a). Figure 10 
illustrates the reduction in impact 
velocity achieved at point A, the centre 
of the port. 
"irst modo shape of ot 
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first mode s • 
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FIG. 11. SHAPE OF REEI7 I~ FIRST MODE ANP f'IACKINq PL"TE. 
Figure 11 allows comparison between the 
first mode shape of the reed and a backing 
plate with a shape conforming to configura-
tion (b). Between the centre of the valve 
port and the clamped root of the reed, the 
shape of the backing plate and the first 
mode shape practically coincided. Near 
the tip of the reed, the slope of the 
backing plate with configuration (b) was 
greater than the slope of the first mode 
shape of the reed. However, it was noted 
that the shape of the backing plate in 
this region was very near to the shape of 
the fundamental mode of an ancillary beam 
tangential at the centre of the port to 
the first mode shape of the reed. This 
ancillary beam had geometric dimensions 
similar to the corresponding length of the 
valve reed. The position of the funda-
mental mode shape of the ancillary beam in 
relation to the position of the fundament-
al mode shape of the reed was determined 
by the ratio of the length of the ancillary 
beam to the length of the reed (Figure 11). 
The first mode shape of a reed predominates 
in its configuration during free lift. If 
a reed wraps about its backing plate, it 
behaves as a clamped-free reed with its 
effective free length being reduced during 
wrapping. Based on these premises a 
design rule for the shape of the backing 
plate can be derived. 
The shape of the backing plate is deter-
mined by the fundamental mode shapes of the 
ancillary beams which are imposed tangent 
to the reed at the latest point of contact 
with the backing plate. It was consider-
ed, however, that for all practical 
purposes the backing plate can be taken 
to have a shape simply that of the funda-
mental mode of the valve reed between the 
clamped root an~l the port centre. Between 
the port centre and the reed tip, one 
ancillary beam at the port centre in its 
fundamental mode is likely to be 
sufficient to define the relatively high 
slope of the backing plate at the tip of 
the reed (Figure 11). However, when 
designing the shape of the backing plate, 
care has to be taken not to exceed the 
smallest radius of curvature permitted by 
the maximum strain allowed on the reed of 
prescribed thickness, when it is wrapped on 
the backing plate. The design rule can 
be applied not only to cantilever reeds 
but also to valve reeds with other shapes, 
e.g. half-annular reeds. Manufacturing 
difficulties are not great and the cost is 
not high. Initial data on permitted 
valve lift to provide adequate flow area 
at the port have to be specified. This 
data may be obtained by the use of simula-
tion models of the compressor, its valves, 
the working fluid and the operating 
conditions ( 13). 
The pressure-time history acting across the 
reed may excite higher mode shapes during. 
the free lift of the reed, mainly depend-
ing on the position of the valve ports. 
Moreover, a point on a valve reed may 
leave the backing plate after coming in 
contact with it, while the rest of the reed 
is still approaching the valve stop. These 
effects may limit the application of the 
proposed design rule. 
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CONCLUSIONS 
Early attempts to calculate impact 
velocities of valve reeds have assumed 
colinear impact between the reed and the 
seat: the stresses predicted were too low 
to explain impact fatigue failures which 
had occurred. (8,9). If oblique impacts 
take place a whip-lash effect can result 
(8,11) which may increase the incidence of 
failure due to impact fatigue. 
In the present study, using the Finite 
Element Method, the maximum velocity during 
approach of the tip of a reed to the seat 
was predicted to be nearly twice the 
velocity reached by the tip at a slightly 
earlier time in the valve closure phase. 
As a consequence the velocity of final 
impact was higher than the earlier velocity 
of approach. As the reed progressively 
contacted the flat valve plate from the 
clamped root to the free tip, there was a 
stiffening of the reed which accelerated 
the tip, resulting in the "whip-lash" 
effect. 
It has been stated (8) that when the 
oblique angle of approach of a reed tip to 
the seat is as high as 1.5° to 3°, a 
pronounced whip-lash effect occurs, 
particularly if higher modes of vibration 
are present. 
The present finite element model predicted 
these effects, a finding consistent both 
with intuition and with such little ex-
perimental evidence as is available.(8). 
The velocity of approach of a reed to a 
stop is usually greater than that to the 
valve seat (16,19). However the velocity 
of local impact on a curved backing plate 
may be reduced by an appropriate configura-
tion of the backing plate. The shape may 
be designed so that the reed wraps about 
the plate. The same phenomenon of 
increasing stiffness in the decreasing 
length of the reed not in contact with the 
backing plate may be harnessed to reduce 
the final tip impact velocity on the stop. 
The procedures developed permit a backing 
plate to be designed to this end. 
A P P E N D I X 
IMPACT OF A CANTILEVER REED AGAINST A 
POINT STOP 
The permitted lift of a valve reed is often 
limited by a point stop at the tip, 
particularly in the case of suction valves. 
On impact with the stop, vibrations of high 
frequencies are generated which increase 
the stresses imposed on the reed. Damping 
of these vibrations by the squish effect 
due to presence of oil and gas (15, 16) 
between the reed and point stop is lessthan 
in the common arrangement with discharge 
valves where a backing plate extends along 
the reed. 
Based on the analysis by Goldsmith (17) it 
was deduced that the size of a striking 
mass affected only the first frequency 
generated during the transverse impact of a 
moving mass upon a stationary cantilever 
beam. Thus the highe~ frequencies 
generated can be predicted without knowing 
the size of the mass involved. Therefore, 
as far as analysis of excited frequencies 
is concerned the impact of a reed against 
a point stop can be regarded as the 
transverse impact of the moving reed with 
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EXCITED DURIN{j THE TRANSVERSE IMPACT OF A MASS 
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For the valve reed illustrated in Figure 1, 
the calculated frequencies which were 
excited on impact with a point stop are 
shown in Figure 12. Figure 12 also 
permits comparison between these excited 
frequencies and the symmetric natural 
frequencies of the clamped-free reed. 
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Both sets of frequencies are independent 
of the velocity of the cantilever reed. 
Only the strain energy due to bending and 
transverse inertia was accounted for in 
the analytical procedure adopted by 
Goldsmith (17). Oblique impact, internal 
damping of the cantilever beam, rotary and 
shear inertia, warping of the beam cross-
section and lateral contraction were not 
considered. Rotary and shear inertia are 
not likely to be significant (17). The 
mathematical complexities which arise when 
accounting for all these secondary effects 
was another reason for neglecting them(l7). 
The existence of the higher frequencies 
predicted by the procedure is in doubt, 
both on account of the inability of this 
procedure to account for the modes of 
vibration due to other than bending and 
transverse inertia and to the neglect of 
internal damping. It is difficult to 
specify the number of frequencies beyond 
which they do not contribute significantly 
to the predicted stresses during impact of 
a cantilever valve reed with a point stop. 
Despite the limitations, the procedure did. 
give an indication of the frequencies 
which are likely to be generated at impact. 
Consequently the size of a finite element 
grid can be determined which can ac·count 
for these frequencies. 
The formulae quoted by Goldsmith (17) to 
predict the impact stresses generated when 
a moving mass strikes a stationary canti-
lever beam cannot be used to predict the 
stresses generated during impact of a 
moving reed against a point stop. The 
impact stresses predicted by these formulae 
are greatly dependent upon the size of the 
striking mass. Nevertheless these formu-
lae have a limited application in the case 
of impact of a cantilever reed with a 
point stop. The stresses generated are 
likely to be proportional to the impact 
velocity of the reed and to be dependent 
upon the thickness, cross-sectional area, 
density and moment of inertia of the reed. 
(17,18). In industrial reciprocating 
compressors cantilever valve reeds with 
lengths as great as 150 mm are employed. 
With such reeds the magnitude of the pre-
dicted maximum impact stresses may not be 
sensitive to the length of the reed nor to 
imperfections in reed clamping (1): the 
stress waves reflected from the root of 
the reed return to the point of contact at 
the stop long after the peak impact 
stresses hav·e been generatec;l. 
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